Using a water-based prebiotic model of sugar synthesis involving glycolaldehyde self-condensation, we demonstrate that homochiral L-dipeptide catalysts lead to the stereospecific syntheses of tetroses. The asymmetric effect is largest for erythrose, which may reach a D-enantiomeric excess of >80% with L-Val-L-Val catalyst. Based on results obtained with various peptides, we propose a possible catalytic-reaction intermediate, consisting of an imidazolidinone ring formed between the two nitrogen atoms of the peptide catalyst and the C1 of one glycolaldehyde molecule. The study was motivated by the premise that exogenous material, such as the nonracemic amino acids found in meteorites, could have participated in the terrestrial evolution of molecular asymmetry by stereospecific catalysis. Because peptides might have formed readily on the early Earth, it is possible that their catalytic contribution was relevant in the prebiotic processes that preceded the onset of life.
Using a water-based prebiotic model of sugar synthesis involving glycolaldehyde self-condensation, we demonstrate that homochiral L-dipeptide catalysts lead to the stereospecific syntheses of tetroses. The asymmetric effect is largest for erythrose, which may reach a D-enantiomeric excess of >80% with L-Val-L-Val catalyst. Based on results obtained with various peptides, we propose a possible catalytic-reaction intermediate, consisting of an imidazolidinone ring formed between the two nitrogen atoms of the peptide catalyst and the C1 of one glycolaldehyde molecule. The study was motivated by the premise that exogenous material, such as the nonracemic amino acids found in meteorites, could have participated in the terrestrial evolution of molecular asymmetry by stereospecific catalysis. Because peptides might have formed readily on the early Earth, it is possible that their catalytic contribution was relevant in the prebiotic processes that preceded the onset of life.
prebiotic chemistry ͉ chirality ͉ catalysis A lthough the chemical environments that led to life's origin on the Earth are unknown, our knowledge of current and extinct life processes allows us to postulate some possible working assumptions. For example, we may describe life as an autocatalytic chemical process where simple molecules, such as amino acids and nucleotides, assemble into larger proteins and nucleic acids that, in turn, control their metabolism and synthesis (1) . In these terms, we may also identify key requirements that make such processes possible. One such prerequisite is the exclusive one-handedness of the chiral constituents of proteins and nucleotides (L-amino acids and D-sugars) that is essential to extant biopolymers' structure and function and whose origin is unknown.
Several general theories have been brought forward in regard to the origin of this terrestrial homochirality (2) . Some propose that life first arose from a racemic environment and later evolved to chiral homogeneity; this ''biotic'' premise circumvents the ease with which prebiotic amino acids and sugars would have lost any incremental gain in asymmetry to racemization. Abiotic theories, on the other hand, propose that some asymmetry preceded the onset of life, overcame racemization, and contributed to homochirality. The finding in meteorites of amino acids resistant to racemization and displaying enantiomeric excesses (ee) that, if less extensive, have the same sign (L-) as in terrestrial amino acids (3, 4) supports, albeit does not prove, the latter hypothesis.
Apart from either hypothesis, because abiotic syntheses of chiral molecules would produce only racemic mixtures if unaided by catalysts and meteorites' composition shows that any preexisting ee available for the formation of biomolecules would not have been large (4) , it is reasonable to assume that the development of chiral homogeneity was an evolutionary process that involved catalysis. This inference, in turn, leads to the question of whether the unique nonracemic amino acids of meteorites might have played a role in the terrestrial evolution of homochirality by transferring their asymmetry catalytically to other prebiotic building blocks, such as sugars.
Protein amino acids, small peptides, and amines are known catalysts that mediate ee amplification of the products in -C-Cbond-forming reactions (e.g., see refs. 5 and 6). In particular, the intermolecular aldol condensation of ketones and aldehydes under stereospecific catalysis by proline and its derivatives has been studied in detail (7) (8) (9) (10) (11) (12) . These studies have offered insights into the possible mimicking of bioenzymatic processes by simple organic molecules (13, 14) and comprise an ample, well reviewed literature (15). However, besides indications that some catalyzed aldol reactions could tolerate small (Ͻ4 vol %) amounts of water in the reaction medium (16) and proceed with certain organocatalysts in combination with buffers and surfactants (17) , all methodologies in these first experiments required organic solvents, such as acetone, DMSO, THF, and dimethylformamide, which are not consistent with the realistic expectations of an exclusively water-based prebiotic environment.
Recently (18), we studied a prebiotic model of sugar synthesis in which nonracemic alanine and 2-ethylglycine (isovaline), chosen as representative of protein and meteoritic amino acids respectively, were both found to act as asymmetric catalysts in water as well. The aldol condensation of glycolaldehyde conducted in ammonium acetate buffer at no more than 50°C lead to the synthesis of the tetrose sugars with significant ee. The configuration of both threose and erythrose products were affected at C-2, through the formation of an imine intermediate, and the largest ee (12%) was obtained for D-threose with L-isovaline catalyst. Surprisingly, proline did not have any catalytic effect under these conditions.
In subsequent studies, Córdova et al. (19) used a proline catalyst and N,N-dimethylformamide solvent for the synthesis of nonracemic hexoses by the sequential aldol condensation of glycolaldehyde. Also, Zou et al. (20) demonstrated that dipeptides in DMSO with the addition of 2-8% water could catalyze the aldol condensation of several ketone and aldehyde alkyl derivatives, including a single example of peptide-catalyzed self-condensation of glycolaldehyde in water with modest ee. Finally, Dziedzic et al. (21) have reported that peptide catalysts could also provide stereoselectivity for these reactions in phosphate buffers if surfactants were added.
After a brief earlier communication (22), we report here the asymmetric effect of a series of homochiral dipeptide catalysts on the stereospecific synthesis of tetroses via glycolaldehyde selfcondensation. As in the previous study of amino acid catalysts, these experiments were carried out under realistic aqueous conditions to assess any relevance the reactions may have for prebiotic chemistry.
Results and Discussion
The results, determined by GC-MS analysis, of the reaction products are given in Tables 1 and 2 and summarized in Fig. 1 , which offers an overview of the D-ee obtained for erythrose and threose synthesized from glycolaldehyde in the presence of various dipeptide catalysts as well as reference to those found previously upon catalysis by a single amino acid. It is apparent that the asymmetric effect of most of the dipeptides on the glycolaldehyde aldol condensation products differs from that observed with amino acid catalysts in both the extent of the stereospecific effect and the tetrose affected. In these peptide reactions, in fact, the main recipient of the asymmetric effect is erythrose, whereas threose is affected only partially or not at all.
Between the catalysts analyzed, the ee was found to be higher for erythrose produced by dipeptides with a ␤-branched alkyl chain near the C terminus, to increase at reduced temperature with higher reaction time up to 25°C and to decrease again at 0°C. The effect of ␤-branching on enantioselectivity points to the importance of the alkyl side chain to the reaction and is confirmed by the results obtained with valine peptides. L-Val-L-Val catalyst gave the highest ee at 25°C after 18 h, and the ratio of D-erythrose͞L-erythrose͞D-threose͞L-threose in the sample was found to be Ϸ10:1:3:3. The selective production of Derythrose by several catalysts suggests that the reaction mechanism should favor the synthesis of this sugar at the expense of the L-erythrose, and the D-and L-threose enantiomers. In the case of L-ala, the dipeptide gave a higher D-erythrose enrichment than the homochiral tri-and tetrapeptides.
Product yields shown in Tables 1 and 2 are the combined chromatographic peak areas determined for erythrose and threose expressed as percent of total peak area, which also included starting material and unknowns. For reactions using dipeptide catalysts with a ␤-branched amino acid (Table 1) , where the larger erythrose ee were produced, yields were found to be similar at 25°C and 50°C and have an average of 21% when the lowest and highest values of the series are disregarded. This relatively low recovery is not surprising, because we examined the early part of the glycolaldehyde condensation reaction to measure its stereospecificity (and relative rates) with minimum interference from possible aldo-keto isomerization side reactions, and it is plausible that the same steric hindrance favoring high stereospecificity for the branched dipeptide intermediates (see below) also hampered tetrose production. The dipeptide catalytic effect on glycolaldehyde self-aldolization can be reasonably implied by the increased tetrose yields of catalyzed versus uncatalyzed reactions, the full recovery of the dipeptide obtained after the reaction, and the stereoselective increase in the tetrose syntheses conducted with different dipeptide catalysts. The above inference is also supported by the fact that amines are well known catalysts of the aldol condensation reaction (e.g., refs. 1 and 15). It will be useful to define the as yet unknown products of this reaction, which appear, by their mass spectra, to be dimeric products of glycolaldehyde and tetroses (see Materials and Methods). They also display ee.
The divergence between amino acid and dipeptide data as well as the variation of ee yields between dipeptide catalysts could be accounted for by the formation of an imidazolidinone reaction intermediate between the dipeptide catalyst and the first glycolaldehyde adduct, as shown in Scheme 1 for Gly-L-Val and Gly-D-Val catalysts. For a racemic peptide, this ring formation Scheme 1.
Scheme 2. leads to two asymmetric centers, giving four possible diasteromeric intermediates. Unlike in amino acid catalysis, this intermediate would not benefit from an imine resonance to stabilize the nucleophile involved in glycolaldehyde condensation. Rather, it appears to rely on the positioning of the peptide carboxyl group near the hydrogen of the C-2 hydroxyl and, possibly, on electrostatic inductive and field effects. Although it is difficult to gauge the role of water in such catalytic mechanisms, and Scheme 1 is left open to further interpretation, it is consistent with several observations. For example, the ee increase with steric constraint of the catalyst's free carboxyl group, the highest ee yielded by C-terminal valine peptides, where the alkyl group would provide further rigidity to the catalyst's free carboxyl, and the marked decrease in stereospecific catalytic effect with the increasing length of the linear ala-peptides, where the carboxyl is further and further removed from the reaction center.
The mechanistic participation of the peptide carboxylate also appears to be directly supported by the dominance of the second amino acid residue in determining catalytic stereoselectivity, as seen in (i) the discrepancy of the L-Val-Gly versus Gly-L-Val and L-Ala-L-Ala versus L-Ala-Gly data, (ii) the synthesis of racemic tetroses by Gly-L-Pro, a peptide that lacks the hydrogen needed to form an imidazolidinone, and (iii) the low stereoselectivity of the 0°C reactions, suggesting a minimum temperature for such effect, which could be explained by a kinetic barrier inhibiting formation and breakdown of stereoselective imidazolidinonering intermediates.
Models of homochiral intermediates containing the final Dand L-tetrose adducts appear to confirm the above assumption. As shown below, the adduct of D-erythrose (Scheme 2) points the tetrose sugar away from the imidazolidinone ring and is sterically favored compared with that of L-erythrose (Scheme 3), which would put the sugar chain close to the ring's alkyl substituents.
Imidazolidinone rings between peptide N-terminal and simple reactive aldehyde and ketones have been synthesized by using solution chemistry (23) and are known to adopt preferential stereochemical orientations (24) . That the same or, possibly, similar rings could form in aqueous solution to give intermediates with preferred stereochemistry as well as the scope of the ee obtained in this medium are of interest in the general context of organocatalysis.
From the perspective of prebiotic chemistry, the possibility of an asymmetric catalytic effect of the observed magnitude between biomolecule precursors is appealing, and it is interesting to note that D-erythrose has the same molecular structure at the penultimate and third to the last carbons as D-ribose. The formation of dipeptides could reasonably be considered a simple evolutionary step for prebiotic amino acids to undertake on the early Earth, for example, by the facile reaction between amino acids and carbonyl sulfide near volcanic sources (25) . On the other hand, the step should also be expected to be stochastic in the distribution of homochiral and racemic peptide products. For homochiral and prebiotically significant dipeptides, therefore, we need to consider a possible asymmetric induction by other material available in early Earth environments. To this end, the L-ee of meteoritic amino acids, which were validated unequivocally by isotopic analyses (26) , offer an indication that such asymmetry was achievable in abiotic chemistry and may have been wide-ranging and made available to the early Earth during impact delivery of asteroidal and cometary material (ref. 27 and references therein). 
Materials and Methods
Peptides and other chemicals were obtained from commercial suppliers. Unless indicated otherwise in the tables and figures, the aqueous catalyzed reactions used 120 mol of glycolaldehyde that was reacted in the presence of 30 mol of peptide catalyst in a 0.25 M triethylammonium acetate buffer, pH 5.5 (1.2 ml total volume), at 50°C, for 3 h in vacuo in sealed ampules. The reaction products were kept frozen at Ϫ80°C until analyzed. Control reactions of D-erythrose in the absence and presence of amino acid or peptide catalysts gave Ͻ1% racemization at C-2 (i.e., isomerization to D-threose). Reaction of glycolaldehyde in the absence of catalysts produced no ee of the tetrose products, whose yield was Ϸ1%.
For analysis of the reaction products, the reaction solution was brought to room temperature, and a one-third aliquot was applied to a column filled with Ϸ12 ml of cation-exchange resin in hydrogen form (200-400 mesh, analytical grade; Bio-Rad, Hercules, CA). The column was eluted first with water and then with 2 M ammonium hydroxide. Both eluates were then dried by rotary evaporator at 30°C. The dry water-eluate residue was reacted with trifluoroacetic anhydride at 25°C to give the O-TFA derivatives of the sugars, whereas the ammonium hydroxide residue was reacted first with 2-propanol (Ϸ2 M HCl) for 24 h at 25°C and, after drying of the alcohol, with trifluoroacetic anhydride, as above. Unused portions of the reaction solution were immediately frozen for repeat analyses.
GC separation was performed with a capillary column coated with a bonded cyclodextrin phase (Chirasil-Dex CB; Chrompack; 25 m ϫ 0.25 mm, 0.25-m thickness). The oven temperature program was 70°C initial for 5 min, to 85°C at 1°C⅐min Ϫ1 , to 200°C at 4°C⅐min Ϫ1 , and 45 min of final temperature hold. Four peaks were obtained for each erythrose and threose, corresponding to the enantiomers of the two possible furanose structures of the aldotetroses, the noncyclic tetroses gave very small peaks, and erythulose enantiomers were only partially separated but allowed the detection of large ee, if present. Also observed were the peaks of unreacted glycolaldehyde dimers as well as those of later eluting compounds having mass spectra corresponding to glycolaldehyde-tetrose dimers. Of these, some showed ee comparable with those of erythrose, but their identity could not be confirmed for the absence of standards.
D-ee (D% Ϫ L%) give mean values based on n integrated ion intensities, where n Ն 6 and included multiple specific ions selected from multiple runs. Fig. 2 gives an example of the GC-MS separation of threose and erythrose enantiomers under these conditions for a L-Val-L-Val catalyst sample and the mass spectrum of the D-erythrose peak.
